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1996). While the amino terminal unique sequences are
responsible for binding to membrane anchored surface
molecules like CD4 or CD8, the SH2 and SH3 domains
bind specific substrates and downstream effectors of
Lck. The complex interactions of the SH2 and SH3 do-
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Herpesvirus persists in its host through an ability to
establish a latent infection and periodically reactivatesHerpesvirus saimiri Tip associates with Lck and down-
to produce infectious virus that infects naive hosts. Her-regulates Lck signal transduction. Here we demon-
pesvirus saimiri (HVS), an oncogenic 2 herpesvirus,strate that Tip targets a lysosomal protein p80, which
naturally infects squirrel monkeys of South America.consists of an N-terminal WD repeat domain and a
HVS persists in T lymphocytes of the natural host withoutC-terminal coiled-coil domain. Interaction of Tip with
any apparent disease, but infection of other species ofp80 facilitated lysosomal vesicle formation and subse-
primates results in fulminant T cell lymphomas (Jung etquent recruitment of Lck into the lysosomes for degra-
al., 1999). HVS also immortalizes primary T lymphocytesdation. Consequently, Tip interactions with Lck and
of human and nonhuman primates to cytokine-indepen-p80 result in downregulation of T cell receptor (TCR)
dent, permanent cell growth (Biesinger et al., 1992; Des-and CD4 surface expression. Remarkably, these ac-
rosiers et al., 1985). A HVS protein called Tip (Tyrosinetions of Tip are functionally and genetically separable:
kinase interacting protein) is not required for viral repli-the N-terminal p80 interaction is responsible for TCR
cation, but it is required for T cell transfomation in culturedownregulation and the C-terminal Lck interaction is
and for lymphoma induction in primates (Duboise et al.,responsible for CD4 downregulation. Thus, lympho-
1998). Tip interacts with the SH3 domain of Lck and thistropic herpesvirus has evolved an elaborate mecha-
interaction interferes with early events of TCR signalnism to deregulate lymphocyte receptor expression
transduction pathway (Biesinger et al., 1995; Jung et al.,to disarm host immune control.
1995a, 1995b). The molecular interaction between Lck
and Tip has been mapped to 37 amino acid residues ofIntroduction
Tip, termed the Lck binding domain (LBD), that consists
of two motifs, a carboxyl terminal Src-family kinase ho-Because of its biological significance, the regulation of
mology (CSKH) motif and an SH3 binding (SH3B) motifsurface expression of the lymphocyte antigen receptor
(Jung et al., 1995a).is a common target of virus as a strategy to persist in
Analogous to HVS Tip, the amino terminal SH2 bindinghost (Callan and McMichael, 1999; Weiss, 1993). Upon
motifs of the latent membrane protein 2A (LMP2A) ofengagement with the MHC complexes on the antigen-
Epstein Barr virus (EBV) have been shown to interact
presenting cells or target cells, T cell antigen receptor
with Lyn and Syk kinase, resulting in downregulation of
(TCR) initiates an array of signal transduction events: a
B cell receptor (BCR) signal transduction and inhibition
rapid tyrosine phosphorylation of cellular proteins, an of viral reactivation (Burkhardt et al., 1992; Fruehling
increase of intracellular free calcium, and ultimately an and Longnecker, 1997). Furthermore, the amino terminal
activation of cellular gene expression (Cenciarelli et al., proline-rich sequence of LMP2A recruits NEDD4-like
1996). Mounting evidence suggests that Lck tyrosine ubiquitin-protein ligases to induce the degradation of
kinase plays a central role in TCR signal transduction. Lyn by an ubiquitin-dependent mechanism (Ikeda et al.,
For example, a T cell line defective for Lck expression 2000; Winberg et al., 2000). Thus, EBV LMP2A functions
fails to induce tyrosine phosphorylation after stimulation in the establishment and persistency of EBV latency
(Straus and Weiss, 1992). In addition, Lck-deficient mice by protecting infected cells from surveillance by host
display a pronounced thymic atrophy, with a dramatic immune system.
reduction in the double-positive (CD4CD8) thymocyte While the interaction of HVS Tip with Lck significantly
population (Molina et al., 1992) and drastic reductions downregulates TCR signal transduction, the detailed
in proliferative responses to antigenic and mitogenic mechanism is mostly unknown. To further delineate the
stimuli (al-Ramadi et al., 1996). As a member of the src effect of HVS Tip on TCR signal transduction, we have
kinase family, Lck consists of a short unique region— performed purification of Tip-interacting proteins and
SH3 and SH2 domains followed by the catalytic domain identified a cellular p80 endosomal protein. Interaction
and a regulatory carboxyl terminus (Weil and Veillette, of Tip and p80 induced lysosomal vesicle formation,
and, subsequently, Tip recruited Lck into these lyso-
somal vesicles, resulting in the downregulation of TCR3 Correspondence: jae_jung@hms.harvard.edu
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Figure 1. Purification and Identification of Tip Binding p80 Protein
(A) Identification of Tip binding proteins. Glutathione-Sepharose beads containing 5 g of GST or GST-Tip fusion protein were mixed with
lysates of S35-labeled Jurkat-T cells. Tip binding proteins were resolved in SDS-PAGE and autoradiographed using Phosphor Imager. Arrows
indicate Lck, hsp70, and p80 proteins.
(B) Predicted amino acid sequences of human p80. The amino acid sequence of human p80 deduced from the cDNA sequence is shown.
The peptide sequences of p80 from mass spectrum analysis are letters in bold. Underlining indicates WD repeat regions. The cDNA nucleotide
sequence has been deposited in GenBank with accession number AF468833.
(C) Homology of p80 with G, Lis-1, COP, and COP protein. The amino acid sequences of the WD repeat region of human p80 (1-388) are
aligned with that of human G, Lis-1, COPA, and COP2 using the CLUSTALW multiple alignment program. The identical sequences are
boxed and shaded and the conserved WD repeat regions are underlined.
(D) Northern blot analysis of p80 mRNA expression. Lane 1, brain; lane 2, heart; lane 3, skeletal muscle; lane 4, colon; lane 5, thymus; lane
6, spleen; lane 7, kidney; lane 8, liver; lane 9, small intestine; lane 10, placenta; lane 11, lung; lane 12, leukocyte.
(E) Identification of p80 protein. Lysates of Jurkat-T cells (lane 1) and 293T cells (lane 2) were used for immunoblot analysis with an anti-p80
antibody to identify endogenous p80 expression (left panel). Lysates of 293T cells (lane 1) and 293T cells transfected with His-p80 expression
vector (lane 2) were used for immunoblot analysis with an anti-His antibody (right panel).
and CD4 surface expression. These results demonstrate tion of the carboxyl terminal hydrophobic region of Tip
was used as an affinity column for 35S-labeled lysatesthat HVS Tip and EBV LMP2A employ a similar but dis-
tinct mechanism to impair surveillance of host immune of Jurkat-T cells. Cellular proteins of 55 kDa (p55), 70
kDa (p70), and 80 kDa (p80) specifically bound to GST-system, which may play an important role in the estab-
lishment and maintenance of viral latency. Tip (Figure 1A). Immunoblot assay revealed that the
p55 protein was cellular Lck as shown previously (Bie-
singer et al., 1995; Jung et al., 1995a) (data not shown).Results
To identify the cellular p70 and p80 proteins associated
with Tip, these proteins were purified from 20 liters ofIdentification of Tip Binding p80 Protein
To identify cellular Tip binding proteins, a bacterially Jurkat-T cells and analyzed by mass spectrometry, and
the acquired mass spectra of the p70 and p80 were thenexpressed GST-Tip fusion protein containing a dele-
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Figure 2. Interaction between Tip and p80
(A) Interaction between Tip and p80 in 293T cells. 293T cells were contransfected with expression vector containing AU1-tagged Tip and/or
Xpress-tagged p80. 48 hr posttransfection, whole cell lysates (WCL) were used for immunoprecipitation (IP) with an anti-AU1 antibody, followed
by immunoblot (IB) with an anti-Xpress antibody. Lane 1, vector alone; lane 2, p80 vector; lane 3, Tip vector; lane 4, p80 and Tip vectors.
IgGH indicates the heavy chain of immunoglobulin.
(B) Interaction of Tip with an endogenous p80. Jurkat-T cells transfected with () or without (-) Tip expression vector were used for IP with
an anti-AU1 antibody, followed by IB with an anti-p80 antibody (left panel) or an anti-AU1 antibody (right panel). Arrows indicate the location
of p80 and Tip.
(C) Identification of the regions of Tip required for p80 interaction. Wt Tip and its mutants were coexpressed with Xpress-tagged p80 in 293T
cells. 48 hr posttransfection, whole cell lysates were subjected to IP with an anti-Tip antibody, followed by IB with an anti-Xpress antibody.
Lane 1; vector; lane 2, p80; lane 3, p80wt Tip; lane 4, p80Tip1; lane 5, p80Tip2; lane 6, p80Tip3; lane 7, p80TipSR1; lane 8,
p80TipSR2; lane 9, p80TipSR1,2. Arrows indicate p80, wt Tip, and Tip mutants.
correlated with known sequences. From the p70 band, from the full-length p80 clone. As shown in Figure 1C,
the probe reacted with a major 4.2 kb band and a minor15 peptides were completely matched to the human
heat shock protein hsp70, which was later found to be 3 kb band in all tissues. Although the 4.2 kb p80 mRNA is
expressed in all human tissues, expression was slightlya nonspecific interaction (data not shown). A total of 15
peptides obtained from p80 were completely matched higher in the skeletal muscle, kidney, and placenta as
compared to other organs (Figure 1D).to the partial clones of KIAA1449 from a human brain
library and IMAGE 4823289 from a human tissue library.
Based on these partial sequences, the full-length p80 Association of p80 with Tip
To demonstrate p80 expression, we generated a rabbitcDNA was isolated from human Jurkat-T cells. The p80
cDNA contains a coding sequence of 677 amino acids polyclonal antibody against bacterially purified His-
p80C fusion protein containing the carboxyl region ofand has a predicted molecular weight of 76,210 Da (Fig-
ure 1B). p80 from amino acid 389 to the carboxyl end. p80 anti-
body reacted with an endogenous 80 kDa protein fromp80 can be divided into two regions. The amino termi-
nal region that extends to aa 388 contains eight potential Jurkat-T and 293T cell lysates (Figure 1E, left panel). In
addition, an anti-His antibody also reacted with 80 kDaWD repeats and exhibits 34% similarity to the WD region
of G and LIS-1, 37% similarity to the WD region of protein from 293T cells transfected with an expression
vector containing the carboxyl terminal His-tagged p80COP, and 40% similarity to the WD region of COP
(Figure 1C). The second domain that extends from aa cDNA (Figure 1E, right panel), indicating that the cDNA
clone contains a full-length p80.389 to the end contains a putative coiled-coil structure
without any specific homology to known proteins. North- To demonstrate complex formation between p80 and
Tip, 293T cells were transfected with expression vectorsern blot analysis was performed with poly(A) selected
mRNA from human tissues with a cDNA probe generated containing an AU1-tagged Tip and/or Xpress-tagged
Immunity
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Figure 3. Confocal Immunofluorescence of p80 and Tip
(A) p80 localization. 48 hr posttransfection with Xpress-tagged p80 expression vector, COS-1, 293T, and Jurkat-T cells were fixed and reacted
with mouse monoclonal anti-Xpress antibody (green).
(B) Tip and p80 expression facilitates enlarged vesicle formation. COS-1, 293T, and Jurkat-T cells were cotransfected with Xpress-tagged
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p80. 48 hr posttransfection, whole cell lysates were used identify the specific location of p80, cells expressing p80
were further stained with numerous antibodies againstfor immunoprecipitation with an anti-AU1-antibody. p80
cellular organelles, including COP for the Golgi, TGN46protein was readily detected in the anti-AU1 immune
for the Trans Golgi Network, grp78 for the ER, clathrincomplexes from 293T cells cotransfected with Tip and
for the early endosome, Rab7 for the late endosome,p80, whereas it was not detected in 293T cells trans-
and LAMP1 for the lysosome. Merged images in multiplefected with Tip or p80 expression vector alone (Figure
optical sections showed that p80 protein was signifi-2A). To further demonstrate an interaction of Tip with
cantly colocalized with the Rab7 and LAMP1; specifi-endogenous p80, Jurkat-T cells expressing Tip were
cally, its colocalization with LAMP1 was more pro-used for a coimmunoprecipitation assay. It also showed
nounced than that with Rab7 (Figure 3D). In contrast,an efficient interaction of Tip with endogenous p80 in
p80 was not colocalized with COP, clathrin, TGN46,these cells (Figure 2B).
and grp78 under the same conditions (Figure 3D; dataTo identify the regions of Tip required for p80 interac-
not shown). These results indicate that p80 protein istion, pull-down assays with GST-Tip fusion proteins
preferentially localized in late endosomes and lyso-containing a serial amino terminal deletion of Tip
somes.showed that the amino terminal proximal region of Tip
To investigate the role of p80/Tip interaction, bothis necessary for binding to p80 (data not shown). The
p80 and Tip were expressed in COS-1, 293T, and Jur-amino terminal region of Tip consists of glutamic acid-
kat-T cells. Surprisingly, coexpression of p80 and Tiprich (ER) region and a repeat of serine-rich motif (SR1
resulted in not only a generation of enlarged vesiclesand SR2) (Jung et al., 1995a). To further define the spe-
but also relocalization of p80 and Tip to these vesiclescific regions of Tip required for p80 interaction, deletion
(Figure 3B). In addition, the vesicle formation appearedmutations at the amino terminal region of Tip were gen-
to be more pronounced in Jurkat-T cells than in COS-1erated as follows: Tip1, a deletion of residues 2 to 44;
and 293T cells (Figure 3B). To further test whether anTip2, a deletion of residues 44 to 116; SR1, a deletion
interaction of Tip with p80 was required for colocaliza-of residues 24 to 42; SR2, a deletion of residues 78 to
tion and vesicle formation, Tip2, which was capable97; SR12, a deletion of residues 24 to 42 and 78 to 97.
of binding to Lck but not to p80 (Figure 2C), was coex-
Additionally, the Tip3 mutant containing a deletion of
pressed with p80 in Jurkat-T cells. Tip2 and p80 did
amino acids 116-170 was constructed as a control. Wt
not colocalize, nor did their expression induce vesicle
Tip and its mutants were coexpressed with the Xpress- formation, indicating that Tip/p80 interaction is neces-
tagged p80 in 293T cells. Coimmunoprecipitation assays sary for the colocalization and vesicle formation (Figure
showed that Tip1 and Tip3 were capable of binding 3B). The colocalization between Tip and endogenous
to p80 as efficiently as wt Tip, whereas Tip2 was not p80 and the vesicle formation by Tip expression were
(Figure 2C). Furthermore, TipSR1 and TipSR2 were also detected in Jurkat-T cells stably expressing Tip
capable of interacting with p80, whereas TipSR1,2 mu- (Figure 3C). To test the identity of these vesicles, cells
tant significantly lost its binding ability to p80 (Figure expressing Tip and p80 were costained with antibodies
2C). Finally, Tip and its mutants were expressed at com- specific for Rab7 and LAMP1. Confocal immunofluores-
parable levels in these cells (Figure 2C). The results of in cence tests showed that the enlarged vesicles con-
vitro GST pull-down and in vivo coimmunoprecipitation taining p80 and Tip were extensively colocalized with
demonstrate that either SR1 or SR2 motif and a space the Rab7 and LAMP1, indicating that they are primarily
between SR motifs of Tip are necessary for p80 inter- derived from late endosomes and lysosomes (Figure
action. 3E). Furthermore, the enlarged vesicles in cells express-
ing Tip and p80 were visible by direct interference mi-
Coexpression of Tip and p80 Facilitates Lysosomal croscopy (Figure 3E, arrows). These results suggest that
Vesicle Formation an interaction of Tip and p80 facilitate a formation of
To investigate the localization of p80, the Xpress-tagged late endosomal and lysosomal vesicles, where Tip and
p80 gene was expressed in three different cell types, p80 are located.
COS-1, 293T, and Jurkat-T cells. 24 hr post transfection,
cells were fixed, permeabilized, reacted with an anti- Triple Complex Formation of Tip/p80/Lck
Xpress antibody, and examined by confocal immunoflu- and Lysosomal Recruitment of Lck
orescence microscope. It showed the cytoplasmic The amino terminal region of Tip including SR motif and
spacer sequence is involved in p80 binding (Figure 2C),punctuate staining of p80 in these cells (Figure 3A). To
p80 and wt Tip expression vectors or Tip2 expression vector. Cells were fixed and reacted with a rabbit polyclonal anti-Tip antibody (red)
and a mouse monoclonal anti-Xpress antibody (green).
(C) An interaction of Tip with endogenous p80 forms vesicle formation. Jurkat-Babe cells containing vector alone and Jurkat-Tip cells expressing
the AU1-tagged Tip were fixed and reacted with a rabbit polyclonal anti-p80 antibody (green) and/or a mouse monoclonal anti-AU1 antibody
(red) as described above. Yellow in merged panel (M) indicates colocalization of the red and green labels.
(D) Late endosomal and lysosomal localization of p80. Jurkat-T cells transfected with expression vector containing Xpress-tagged p80 were
fixed and reacted with mouse monoclonal anti-Xpress antibody and anti-mouse Alexa568 secondary antibody (red) and goat polyclonal anti-
clathrin, anti-Rab7, and anti-LAMP1 antibodies7 with anti-goat Alexa488 secondary antibody (green). In the bottom panel, a rabbit polyclonal
anti-p80 antibody and a mouse monoclonal anti- COP antibody were used along with appropriate secondary antibody for detection.
(E) Tip/p80-induced enlarged vesicles are derived from late endosomes and lysosomes. Jurkat-T cells transfected with the Xpress-tagged
p80 and the AU1-tagged Tip expression vectors were fixed and reacted with mouse monoclonal anti-Xpress antibody (red) together with goat
polyclonal anti-Rab7 and anti-LAMP1 antibodies (green). Cells were visualized with Nomarski optics and arrows indicate the enlarged vesicles.
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Figure 4. Tip/Lck/p80 Triple Complexes and Lck Lysosomal Recruitment
(A) Tip/Lck/p80 triple complexes in Jurkat-T cells. 3  107 Jurkat-T cells transfected with AU1-tagged Tip and/or Xpress-tagged p80 expression
vectors were used for IP with mouse anti-AU1, mouse anti-Xpress, and rabbit anti-Lck antibodies. Immune complexes were assayed for
kinase activity with [-32P] ATP. Lck immune complexes were further immunoblotted with a mouse anti-Lck antibody to show the amount of
Lck from Lck immune complexes (bottom figure). Lane 1, vector; lane 2, Xpress-p80; lane3, AU1-Tip; lane 4, Xpress-p80 and AU1-Tip. Arrows
indicate the locations of Lck, Tip, and p80.
(B) Tip/Lck/p80 triple complex in 293T cells. 293T cells transfected with AU1-tagged Tip, Xpress-tagged p80, and/or Lck expression vectors
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while the carboxyl terminal LBD of Tip, containing 37 trast, p80 was predominantly localized in the cytoplasm
without detectable colocalization with Lck (Figure 4C).amino acids of the CSKH and SH3B motifs, is sufficient
for Lck binding (Jung et al., 1995a). Since Tip uses sepa- Finally, Tip and p80 expression not only induced lyso-
somal vesicle formation but also efficiently recruited Lckrate regions for p80 and Lck interaction, it potentially
forms a triple complex with Lck and p80. To test this, into these vesicles (Figure 4C). Most Lck protein was
accumulated in lysosomal vesicles in cells with Tip andthe expression vectors containing the AU1-tagged Tip
and/or Xpress-tagged p80 were transfected into Jur- p80 expression, was concentrated in patches at the
plasma membrane in cells with Tip expression alone,kat-T cells. 48 hr posttransfection, cell lysates were used
for immunoprecipitation with anti-AU1, anti-Xpress, and and was primarily localized at the plasma membrane in
cells without Tip and p80 expression or p80 expressionanti-Lck antibodies, followed by in vitro kinase reaction
with 32P-ATP. As shown previously, Tip was efficiently alone (Figure 4C). These results demonstrate that Tip/
p80 coexpression induces lysosomal vesicle formationinteracted with and extensively phosphorylated by Lck
(Figure 4A, lane 3). In addition, the phosphorylated form and subsequently recruits Lck into these vesicles.
of p80 was readily detected in Tip and p80 immune
complexes in cells expressing both p80 and Tip, Lck Degradation
The SH2 binding motifs of LMP2A interact with Lyn andwhereas it was not detected in p80 immune complexes
of cells expressing p80 alone (Figure 4A). This suggests Syk kinases, whereas the proline-rich sequence of
LMP2A recruits NEDD4-like ubiquitin ligases (Ikeda etthat p80 itself does not interact with Lck and Tip is
necessary for this complex formation. In vitro kinase al., 2000; Winberg et al., 2000). A cooperation of both
activities of LMP2A ultimately induces degradation ofassay of Lck immune complexes further confirmed these
results (Figure 4A). Of note, repeated experiments Lyn by an ubiquitin-dependent manner (Ikeda et al.,
2001). Since HVS Tip appears to be a functional homologshowed that the presence of p80 in Tip immune com-
plexes appeared to activate Lck kinase activity in vitro: of EBV LMP2A, we hypothesized that Tip recruited Lck
to lysosomes where Lck underwent degradation. To testthe levels of Tip phosphorylation and Lck autophosphor-
ylation were increased by approximately 2-to 4-fold (Fig- this hypothesis, we constructed Jurkat-T cell lines stably
expressing Tip mutants including TipY114S, Tip2, andure 4A, lane 4). The equivalent amount of Lck protein
was present in anti-Lck immune complexes, indicating TipSR1,2. Tip Y114S, which contains the replacement
of tyrosine residue 114 with serine, has been shown tothat an increased Lck activity was not due to an in-
creased Lck protein (Figure 4A, bottom). When HVS- bind to Lck with approximately 5-fold higher affinity than
wt Tip (Guo et al., 1997). In addition, JCaM1 cells thattransformed common marmoset T cells were used for
the same assay, it also showed the presence of p80 have a defect in Lck expression (Straus and Weiss, 1992)
were included as controls. pBabe retroviral vectors con-and Lck proteins in anti-Tip immune complexes (see
supplemental figure S1 at http://immunity.com/cgi/ taining Tip mutants were electroporated into Jurkat-T
cells, followed by selection with 5 g/ml of puromycin.content/full/17/2/221/DC1). Finally, lysates of 293T cells
transfected with expression vectors containing an AU1- We have previously shown that when the same number
of cells were used for immunoblot assays, Lck wastagged Tip, Xpress-tagged p80, and/or Lck were used
for immunoprecipitation with their specific antibodies. slightly reduced in Tip-expressing cells compared to
control cells (Jung et al., 1995). In order to analyze thisThis also showed the triple complex formation among
Tip, p80, and Lck (Figure 4B). Thus, Tip forms a triple in detail, the same amounts of polypeptides from puro-
mycin-resistant Jurkat-T cells were used for immunoblotcomplex with Lck and p80 and the presence of p80 in
Tip immune complexes appears to enhance Lck kinase assay with an anti-Lck antibody. The level of Lck protein
was slightly reduced in Jurkat-Tip cells compared toactivity.
Expression of Tip and p80 in Jurkat-T cells induced that in control Jurkat-Babe cells (Figure 5A). In agree-
ment with the Lck binding activity, TipY114S induced aenlarged lysosomal vesicles where Tip and p80 were
colocalized. Since Tip efficiently interacts with Lck, we drastic reduction of Lck protein such that its level was
comparable to that seen in JCaM1 cells (Figures 5A andtested whether Tip ultimately recruited Lck into these
lysosomal vesicles. Jurkat-T cells were transfected with 5B). In contrast, the amount of Lck in Jurkat-Tip2 and
Jurkat-TipSR1,2 cells was not altered compared toexpression vectors containing AU1-tagged Tip and/or
Xpress-tagged p80. 24 hr posttransfection, cells were that in Jurkat-Babe cells (Figure 5B). Similar amounts
of cellular actin were detected in all samples (Figurefixed, permeabilized, and reacted with anti-Lck, anti-
Xpress, and/or anti-AU1 antibody. When Tip was ex- 5). These results suggest that Tip recruits Lck to the
lysosomal compartments where it likely undergoes deg-pressed in Jurkat-T cells, Tip and Lck showed extensive
colocalization primarily in patches at the plasma mem- radation and that an interaction of Tip with p80 is re-
quired for this activity.brane and weakly in the cytoplasm (Figure 4C). In con-
as indicated at the bottom of figure were used for IP with an anti-Lck antibody. Immune complexes were used for IB with anti-Xpress, anti-
AU1, and anti-Lck antibodies. WCL were also used for IB assays to show their expression.
(C) Tip/p80 expression recruits Lck to lysosomes. Jurkat-T cells transfected with the Xpress-tagged p80 and/or the AU1-tagged Tip expression
vectors were fixed and reacted with rabbit polyclonal anti-Lck and mouse monoclonal anti-Xpress or anti-AU1 antibodies. Lck protein was
detected with an anti-rabbit Alexa568 secondary antibody (red) and p80 and Tip proteins were detected with an anti-mouse Alexa488 secondary
antibody (green). Yellow in merged panel (M) indicates colocalization of the red and green labels. Arrows indicate location of enlarged
lysosomes.
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Tip2 and TipSR1,2 that interacted with Lck but not
with p80 were still capable of downregulating CD4 sur-
face expression, however to a slightly lesser extent com-
pared to wt Tip (Figure 6A). As previously shown (Straus
and Weiss, 1992), Lck-deficient JCaM1 cells expressed
very low levels of CD4 (Figure 6A). These indicate that
Tip interaction with Lck but not with p80 is required for
an efficient downregulation of CD4 surface expression.
As an internal control, cells were further stained for CD45
expression. Even with extremely low CD4 levels there
was no alteration in CD45 surface expression, indicating
that the downregulation of CD4 by Tip is specific (Fig-
ure 6A).
Since Lck tightly regulates expression of TCR com-
plexes on the cell surface (Cenciarelli et al., 1996), we
also examined the effect of Tip on TCR surface expres-
sion. Tip and TipY114S expression downregulated TCR
and CD3 surface expression on Jurkat-T cells at compa-
rable levels to CD4 surface expression (Figure 6A). In
striking contrast, Tip2 and TipSR1,2 that efficiently
removed CD4 surface expression showed little or no
downregulation of TCR and CD3 surface expression
(Figure 6A). As previously shown (Straus and Weiss,
1992), Lck-deficient JCAM1 cells displayed slightly re-
duced but comparable levels of TCR and CD3 surface
expression to that on Jurkat-T cells (Figure 6A). This
indicates that Tip-mediated downregulation of TCR
and CD3 surface expression requires p80 interaction.
In parallel with their activity of TCR downregulation, wt
Tip and TipY114S strongly suppressed tyrosine phos-
phorylation induced by TCR stimulation, whereas Tip2
did not do so under the same conditions (Figure 6B).
To further demonstrate the differential downregula-
tion of CD4 and TCR complexes by Tip, Jurkat-T cellsFigure 5. Degradation of Lck and CD3	 Protein
were electroporated with GFP expressing pTracer,(A) Reduction of Lck amount by Tip and TipY114S expression. The
same amount of polypeptides from Jurkat-Babe (lane 1), Jurkat-Tip pTracer/Tip, or pTracer/Tip2 vectors. The effect of Tip
(lane 2), and Jurkat-TipY114S (lane 3) was subjected to IB assay with and Tip2 expression on the cell surface levels of CD3
anti-Lck and anti-actin antibodies. Two different concentrations of and CD4 was assessed 48 hr posttransfection in the
polypeptides were used to show reproducibility. Arrows indicate GFP-positive cell population by flow cytometry. Tip ex-
the location of Lck and actin.
pression induced approximately 5-fold downregulation(B) p80 interaction of Tip is necessary for Lck downregulation. The
of CD3 surface expression, whereas Tip2 did not affectsame amount of polypeptides from Jurkat-Babe (lane 1), Jurkat-
CD3 surface expression (Figure 6C). In contrast, bothTipY114S (lane 2), Jurkat-Tip2 (lane 3), Jurkat-TipSR1,2 (lane 4),
and JCaM1 (lane 5) was subjected to IB assay with anti-Lck and Tip and Tip2 expression efficiently downregulated CD4
anti-actin antibodies. surface expression under the same conditions (Figure
(C) Lysosomal degradation of CD3	 protein by Tip expression. Jur- 6C). GFP expression alone showed no effect on CD3
kat-Babe, Jurkat-Tip, and Jurkat-TipY114S were treated with or with- and CD4 surface expression compared to that on un-
out 20 nM ammonium chloride for 8 hr. The same amount of polypep-
transfected Jurkat-T cells (Figure 6C; data not shown).tides from each cell line was subjected to IB assay with anti-CD3	
These results suggest that Tip employs two distinctand anti-actin antibodies. Arrows indicate the locations of CD3	 and
mechanisms to downregulate CD4 and TCR complexes:actin.
an interaction of Tip with Lck is required for CD4 down-
regulation and an interaction of Tip with p80 is required
Distinct Mechanisms of TCR and CD4 for TCR and CD3 downregulation.
Downregulation by Tip Finally, we tested CD3	 and CD4 localization upon
We have previously shown that Tip expression efficiently Tip and p80 expression. Jurkat-T cells transfected with
downregulates CD4 surface expression in a Lck-depen- expression vectors containing Tip and p80 were fixed,
dent manner (Jung et al., 1995b). To further delineate permeabilized, and reacted with anti-Tip, anti-p80, anti-
effects of Tip and its mutants on CD4 surface expres- CD3	, and anti-CD4 antibodies. Upon Tip and p80 ex-
sion, Jurkat-T cells expressing Tip or its mutants were pression, an extensive amount of CD3	 was localized
used for flow cytometry analysis. The Lck-deficient into the enlarged vesicle compartments where Tip and
JCaM1 cell line was included as a control. As shown p80 were localized, whereas CD4 was not, indicating
previously (Jung et al., 1995b), wt Tip efficiently down- that CD3	 but not CD4 is recruited to the lysosomal
regulated CD4 surface expression, and in parallel with vesicles upon Tip and p80 expression (Figure 6D). To
Lck binding affinity TipY114S downregulated CD4 surface test whether lysosomal recruitment of CD3	 resulted in
degradation, the same amount of proteins from Jurkat-expression to a greater extent than wt Tip (Figure 6A).
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Figure 6. Differential Downregulation of TCR and CD4 Surface Expression by Tip
(A) Downregulation of TCR, CD3, and CD4 by Tip and its mutants. 1  106 Jurkat-T, Jurkat-Tip, Jurkat-TipY114S, Jurkat-Tip2 Jurkat-
TipSR1,2, and JCaM1 cells were assessed for their surface expression of TCR, CD3, CD4, and CD45 by flow cytometry.
(B) Suppression of TCR-induced tyrosine phosphorylation by Tip. 2  106 cells were incubated with 10 l anti-CD3 Dynabead at 37
C for the
indicated time (lane 1; 0 s; lane 2, 10 s, lane 3, 30 s; lane 4, 1 min; lane 5, 3 min) and lysed with lysis buffer. Precleared cell lysates were used
for IB with an anti-phosphotyrosine antibody. Arrows indicate cellular proteins whose tyrosine phosphorylation was increased upon anti-CD3
stimulation.
(C) Downregulation of CD3 and CD4 by Tip and Tip2. Jurkat-T cells were electroporated with pTracer-GFP (vector), pTracer-GFP/Tip (Tip),
or pTracer-GFP/Tip2 (Tip2). Cell surface level of CD3 and CD4 was assessed 48 hr posttransfection by staining for CD3 and CD4 with their
specific antibody and gating the GFP-positive cell population by flow cytometry. Histograms of CD3 and CD4 staining of the GFP positive
cell population are overlaid with an isotype antibody control (dotted line).
(D) CD3	 but not CD4 is recruited to lysosomal compartments by Tip/p80 expression. 48 hr posttransfection with p80 and Tip expression
vectors, Jurkat-T cells were fixed and reacted with a rabbit polyclonal anti-Tip antibody or anti-p80 antibody (red) together with mouse
monoclonal anti-CD3	 or goat polyclonal anti-CD4 antibody (green). Arrows indicate the location of the enlarged lysosomes induced by Tip
and p80 expression.
Babe, Jurkat-Tip, and Jurkat-TipY114S cells were used differs from that of CD3	 in Tip-expressing cells (data
not shown). Nevertheless, these results demonstratefor immunoblot assay with an anti-CD3	 antibody. The
level of CD3	 protein was considerably reduced in Jur- that Tip expression recruits CD3	 to the lysosomal com-
partments where it undergoes degradation.kat-Tip and Jurkat-TipY114S cells compared to that in
control Jurkat-Babe cells (Figure 5C). Treatment with
the lysosomotropic weak base ammonium chloride sig- p80 Contains Two Functionally and Genetically
Separable Domainsnificantly restored CD3	 amount in Jurkat-Tip and Jur-
kat-TipY114S cells (Figure 5C). In contrast, treatment with p80 consists of a potential amino terminal WD repeat
region and a putative carboxyl coiled-coil region. Toammonium chloride, chloroquine, leupeptin, or pepsta-
tin did not restore the amount of Lck in repeated experi- investigate the specific role of each domain, the amino
terminal and carboxyl terminal regions of p80 were sepa-ments, suggesting that mechanism of Lck degradation
Immunity
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Figure 7. Two Functional Domains of p80
(A) The amino terminal WD repeat region of p80 is sufficient for Tip interaction and the carboxyl coiled-coil region contains the lysosomal
targeting signal. (Left panel) Expression vectors containing V5-tagged wt p80, p80N, and p80C were transfected into 293T cells. Whole cell
lysates were used for pull-down assay with 5 g of GST (lane 2) and GST-Tip (lane 3) protein. Whole cell lysates (lane 1) that represent 5%
of input for each GST pull-down assay were included as controls. (Right panel) Jurkat-T cells transfected with expression vectors containing
V5-tagged wt p80, p80N, and p80C were fixed and reacted with anti-V5 antibody (green).
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rately cloned into expression vectors, respectively Discussion
called p80N and p80C. The N-terminal V5-tagged wt
Here, we demonstrate that HVS Tip interacts with thep80, p80N, and p80C proteins were then subjected to
cellular endosomal p80 protein and Lck tyrosine kinase.pull-down assay with GST-Tip protein. It showed that
Interaction of Tip and p80 induces lysosomal vesiclethe N-terminal WD domain of p80 interacted with GST-
formation, and subsequently Tip recruits Lck into theseTip as efficiently as wt p80, whereas the C-terminal
lysosomal vesicles for degradation. Consequently, Tipcoiled-coil domain did not show any interaction under
downregulates TCR and CD4 surface expression, lead-the same conditions (Figure 7A). This indicates that the
ing to a comprehensive inhibition of T lymphocyte signalamino terminal WD repeat region of p80 is sufficient for
transduction.Tip interaction.
WD repeat proteins are a family of proteins with di-Jurkat-T cells were transfected with wt p80, p80N,
verse cellular functions (Neer et al., 1994). The best-and p80C expression vectors and examined for their
characterized WD repeat protein is the G subunit oflocalization using an anti-V5 antibody. Surprisingly,
heterotrimeric G proteins. The solution of the three-p80N was primarily localized at the plasma membrane,
dimensional structure of the WD repeat of G reveals awhereas p80C was predominantly present in the cyto-
 propeller fold—a highly symmetrical structure madeplasm similar to wt p80 (Figure 7A). Further immuno-
up of repeats that each comprise a small four-strandedstaining with an anti-LAMP1 antibody showed that p80C
antiparallel  sheet (Wall et al., 1995). The WD repeatwas primarily localized in the lysosomal compartments
propeller module is also found in several cargo mole-(Figure 7B). These results suggest that p80 consists of
cules in vesicular traffic including hSec13p, hSec31p,two functionally and genetically separable regions: the
COP, and  COP of the coatomer COPI and COPIIN-terminal WD region interacts with Tip and the C-ter-
vesicles (Neer et al., 1994). Additionally, the terminalminal coiled-coil region mediates lysosomal local-
domain of clathrin, a three-legged (triskelion shaped)ization.
cargo molecule, has an essentially identical  propellerThe carboxyl terminal LBD of Tip containing the 37
structure to WD repeats, although it lacks tryptophanamino acids of CSKH and SH3B motifs is sufficient for
and aspartic acids at the canonical positions in most ofan interaction with Lck, whereas the amino terminal re-
its seven blades (ter Haar et al., 1998). The WD repeatgion of Tip containing SR and spacer sequences is re-
or WD-like repeat module of these cargo molecules isquired for an interaction with the WD repeat domain of
an important “interaction domain” in protein sorting,p80. Thus, we hypothesized that Tip functioned as an
which recognizes specific target proteins for the cargoadaptor to connect Lck and p80 and subsequently the
selection, concentration, and delivery. We find that thecarboxyl coiled-coil region of p80 targeted Lck/Tip/p80
amino terminal WD repeat domain of p80 interacts withtriple complexes to the lysosomal compartments. To
Tip and the carboxyl coiled-coil region of p80 targetstest this hypothesis, we constructed the V5-tagged
lysosomal localization. Thus, it appears that the amino
LBD-p80C fusion gene that contains 37 amino acids of
terminal WD repeat region of p80 may create a stable
the Tip LBD at the N terminus for Lck binding and 290
platform that can form tight complexes with Tip and
amino acids of p80 coiled-coil region at the C terminus
other sets of cellular protein, whereas the carboxyl
for lysosomal targeting. In vitro GST pull-down assay coiled-coil region of p80 coordinates sequential and/or
showed that LBD-p80C efficiently interacted with Lck simultaneous interactions with trafficking proteins for
(data not shown). While both LBD-p80C and p80C were lysosomal delivery.
localized in lysosomal compartments, LBD-p80C but The delivery of endocytic macromolecules to lyso-
not p80C was able to recruit Lck to these compartments somes is tightly regulated by a number of signaling and
(Figure 7B). This indicates that LBD-p80C fusion protein cargo molecules. Thus, abnormal activity and/or abnor-
is capable of interacting with and targeting Lck to the mal expression of these molecules leads to a dramatic
lysosomal compartments. To further delineate the effect alteration in protein trafficking pathways and often to
of LBD-p80C fusion on TCR and CD4 surface expres- lethal disorders in mammals. For example, overexpres-
sion, pBabe retroviral vector containing LBD-p80 fusion sion of the constitutively active GTP-bound mutant of
gene was used to construct Jurkat/LBD-p80C cells. Rab5 results in a dramatic increase in both fluid phase
Flow cytometry analysis showed that LBD-p80C effi- and receptor-mediated endocytosis, leading to the
ciently downregulated CD3 and CD4 surface expres- formation of enlarged endosomes (Bucci et al., 1992).
sion, although with a slightly lower level than wt Tip Conversely, overexpression of dominant-negative GDP-
(Figure 7C). Thus, these results support our hypothesis bound Rab5 mutant reduces endocytic uptake and
that Tip functions as an adaptor to connect Lck and p80 results in the formation of a diffuse network of small
and these interactions consequently downregulate CD4 endocytic vesicles (Stenmark et al., 1994). In fact, a
dominant-negative mutant of the Rab5 has been shownand TCR surface expression.
(B) LBD-p80 is able to recruit Lck to lysosomal compartments. Jurkat-T cells transfected with V5-tagged p80C or V5-tagged LBD-p80C
expression vector were fixed and reacted with mouse anti-V5 antibody (red) and goat anti-LAMP1 antibody (green). The bottom figure of each
panel shows higher magnification of areas denoted by the white dotted boxes.
(C) Downregulation of CD3 and CD4 by LBD-p80C expression. 1  106 Jurkat-Babe (vector) and Jurkat/LBD-p80C (LBD-p80C) cells were
assessed for their surface expression of CD3 and CD4 by flow cytometry. Histograms of CD3 and CD4 staining are overlaid with an isotype
antibody control (light gray).
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to enhance T cell signaling by interfering with TCR down- activities leads to negative regulation of BCR signal
regulation in transgenic mice (Andre et al., 1997). We transduction and thereby inhibition of viral reactivation.
show that an interaction of Tip with p80 results in forma- Our results demonstrate that HVS Tip is functionally
tion of enlarged lysosomes, mimicking the effect of con- analogous to EBV LMP2A in that it associates with a
stitutively active Rab5 mutant. This indicates that p80 cellular tyrosine kinase; its interaction with an endoso-
may play a role in vesicular transport or membrane fu- mal protein induces degradation of a cellular tyrosine
sion events necessary for transport to lysosomes. An kinase; and these associations ultimately block lympho-
interaction of HVS Tip with p80 may activate p80 func- cyte receptor signal transduction. Thus, in analogy with
tion to facilitate vesicular transport, resulting in homo- EBV LMP2A that interacts with Lyn and NEDD4-like ubi-
typic or heterotypic membrane fusion of endosomes quitin ligase, Tip interacts with Lck and p80 lysosomal
and thereby generation of enlarged endosomal vesicles. protein and these interactions likely play an important
The amino terminal unique region of Lck is associated role in the establishment and maintenance of HVS per-
with the cytoplasmic region of CD4 and this association sistent infection by protecting infected cells from sur-
has been shown to be necessary for CD4 surface ex- veillance by the immune system. In fact, animals in-
pression (Veillette et al., 1988). On the other hand, Lck fected with recombinant HVSTip have been shown to
kinase activity regulates expression of TCR complexes have higher levels of cell-associated infectious virus titer
on the cell surface (Cenciarelli et al., 1996). For example, compared to other recombinant HVS (Duboise et al.,
expression of a constitutively active Lck 505F dramati- 1998). In summary, the results presented here demon-
cally downregulates surface expression of TCR com- strate a viral immune evasion mechanism that HVS Tip
plexes by inducing their recruitment to lysosomal degra- targets a cellular WD repeat endosomal protein to recruit
dation (D’Oro et al., 1997). This phenotypic resemblance Lck and TCR complexes to lysosomes, resulting in
between Tip and Lck 505F in TCR recruitment to lyso- downregulation of TCR signal transduction. Further
somal degradation suggests the potential model: Tip study of the molecular mechanisms of Tip/p80/Lck will
interacts with and activates Lck, and subsequently Tip/ not only lead to a better understanding of viral persis-
Lck complexes are recruited to TCR, which leads to the tence and disease progression but will also provide a
release of CD4 molecule for downregulation. Then, a valuable tool for understanding in detail how Lck and
collateral interaction of Tip with p80 facilitates a forma- p80 carry out their functions in cellular signal transduc-
tion of lysosomal vesicles where Lck and TCR are re- tion pathway.
cruited and degraded. In the end, Tip expression not
Experimental Proceduresonly suppresses Lck-mediated signal transduction but
also downregulates CD4 and TCR surface expression,
Cell Culture, Immunofluorescence, Confocal Microscopy,which leads to a comprehensive inhibition of T lympho-
Immunoprecipitation, and Immunoblotcyte signal transduction.
Detailed procedures are given in the supplemental data available
In contrast to our findings, the previous report has at http://www.immunity.com/cgi/content/full/17/2/221/DC1.
shown that HVS-transformed human T cells display the
stable expression of CD4 and TCR (Mittrucker et al., Purification and Microsequencing of p80
To identify Tip binding proteins, Jurkat T cells were labeled with1992). This discrepancy is likely due to the difference
35S-methionine and cysteine-containing medium for 12 hr, and theof HVS biology in different hosts. HVS-transformed hu-
cells were collected and resuspended with lysis buffer (0.15 M NaCl,man T cells show different phenotypes from HVS-trans-
0.5% Nonidet P-40, and 50 mM HEPES buffer [pH 8.0]) containingformed primate T cells in vitro and HVS-induced lym-
protease and phosphatase inhibitors. After centrifugation, the su-
phoma cells from primates. First, HVS-transformed pernatants were mixed with glutathione beads containing GST and
primate T cells are IL-2 independent, whereas HVS- GST-Tip fusion protein for 4 hr, and beads were extensively washed
transformed human T cells are mostly IL-2 dependent. with lysis buffer. Proteins bound to glutathione beads were eluted
and separated by SDS-PAGE. Bulk protein purification was per-Second, HVS-transformed primate T cells and lym-
formed with 20 l of Jurkat-T cells as described above. Purified pro-phoma cells are solely CD4/CD8, whereas HVS-trans-
teins were subjected to peptide sequencing at the Harvard Massformed human T cells are mixed phenotypes, CD4/
Spectrometry facility.CD8, CD4/CD8, CD4/CD8, or CD4/CD8/CD56
(Jung et al., 1999). Finally, viral gene expression in HVS- p80 cDNA Cloning and Northern Blot Analysis
transformed human T cells differs greatly from that of A full-length cDNA encoding p80 was amplified from Jurkat-T cDNA
HVS-transformed primate T cells. Thus, unlike HVS- by polymerase chain reaction using the 5 primer ATGGCGGCCCAT
CACCGGCAGAAC and the 3 primer TCACGTGGACTTCTGACGGtransformed primate T cells, HVS-transformed human T
TAATG. The amplified p80 DNA was ligated into pcDNA4/HisMaxcells are not fully transformed, but rather growth pro-
(Invitrogen, Carlsbad, CA) and sequenced using an ABI377 auto-longed. Since the conditions used by our study are very
mated DNA sequencer. Mutations in the Tip gene were generated
different from those reported by Mittrucker et al., both by polymerase chain reaction using oligonucleotide-directed muta-
results are not necessarily in disagreement, but rather genesis. After each Tip mutant was completely sequenced to verify
reflect the phenotypic differences of HVS-transformed the presence of the mutation and the absence of any other changes,
T cells from different hosts. it was subcloned into the pBabe retroviral vector, pEF expression
vector (Invitrogen, San Diego, Calif), or the GFP expression vectorThe amino terminal SH2 binding motifs of EBV LMP2A
pTracer-EF. A human multiple tissue Northern blot, containing ap-have been shown to interact with Lyn and Syk tyrosine
proximately 2 g of poly A RNA per lane from twelve differentkinases (Burkhardt et al., 1992; Fruehling and Long-
human tissues, was purchased from Clontech (Palo Alto, CA). The
necker, 1997). Furthermore, the amino terminal proline- 2.0 kb full-length p80 cDNA was used to generate the radioactively
rich sequence of LMP2A recruits NEDD4-like ubiquitin- labeled probe using nick translation with 32P-dATP. Hybridization
protein ligases to induce the degradation of Lyn by an and washing were performed according to the protocol provided
by the manufacturer.ubiquitin-dependent mechanism. Cooperation of these
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Antibody Stimulation signal transduction by a Y114 mutation of herpesvirus Saimiri tip.
J. Virol. 71, 7092–7096.2 106 cells were incubated with 10l of anti-CD3 Dynabead (Dynal,
Oslo, Norway) at 37
C for the indicated time. After stimulation, cells Ikeda, M., Ikeda, A., Longan, L.C., and Longnecker, R. (2000). The
were immediately frozen and lysed with cold lysis buffer containing Epstein-Barr virus latent membrane protein 2A PY motif recruits WW
1 mM Na2VO3, 1 mM NaF, and protease inhibitors (leupeptin, aproti- domain-containing ubiquitin-protein ligases. Virology 268, 178–191.
nin, PMSF, and bestatin). Precleared cell lysates were used for im- Ikeda, M., Ikeda, A., and Longnecker, R. (2001). PY motifs of Epstein-
munoblot with an anti-phosphotyrosine antibody (4G10). Barr virus LMP2A regulate protein stability and phosphorylation of
LMP2A-associated proteins. J. Virol. 75, 5711–5718.
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